Abstract Alteration of the biological activity among neuronal components of the mesocorticolimbic (MCL) system has been implicated in the pathophysiology of drug abuse. Changes in the electrophysiological properties of neurons involved in the reward circuit seem to be of utmost importance in addiction. The hyperpolarization-activated cyclic nucleotide current, I h , is a prominent mixed cation current present in neurons. The biophysical properties of the I h and its potential modulatory role in cell excitability depend on the expression profile of the hyperpolarization-activated cyclic nucleotide gated channel (HCN) subunits. We investigated whether cocaine-induced behavioral sensitization, an animal model of drug addiction, elicits region-specific changes in the expression of the HCN 2 channel's subunit in the MCL system. Tissue samples from the ventral tegmental area, prefrontal cortex, nucleus accumbens, and hippocampus were analyzed using Western blot. Our findings demonstrate that cocaine treatment induced a significant increase in the expression profile of the HCN 2 subunit in both its glycosylated and non-glycosylated protein isoforms in all areas tested. The increase in the glycosylated isoform was only observed in the ventral tegmental area. Together, these data suggest that the observed changes in MCL excitability during cocaine addiction might be associated with alterations in the subunit composition of their HCN channels.
Introduction
Neuroadaptations within the mesocorticolimbic (MCL) system are hypothesized to trigger drug addiction (Kauer 2003; Chen et al. 2010 ). Cocaine blocks cell membrane transporters that usually remove monoamines from the synaptic cleft once these neurotransmitters are released (Reith et al. 1997) . This blockade produces a fast elevation of dopamine (DA), norepinephrine (NE), and serotonin (5-HT) levels that, with chronic administration, results in an enduring psychomotor stimulation (Sofuoglu and Sewell 2009; Filip et al. 2010; Schmitt and Reith 2010) . The enhanced state of excitability produced by an extended cocaine exposure significantly depends on the modulation of voltage-dependent conductances that affect neuronal firing (Ingram et al., 2002) . Among these conductances is the hyperpolarization-activated cation current, I h (Ludwig et al. 1998; Neuhoff et al. 2002) .
I h is known to contribute to neural processes such as resting membrane potential (Lamas 1998; Doan and Kunze 1999; Nolan et al. 2007) , firing frequency modulation (Neuhoff et al. 2002; Funahashi et al. 2003; Okamoto et al. 2006) , synaptic transmission (Beaumont and Zucker 2000; Chevaleyre and Castillo 2002; Genlain et al. 2007) , and dendritic integration of synaptic inputs (Magee 1999; Williams and Stuart 2000; Lorincz et al. 2002) . The ion channels underlying the I h current are tetramers made of four distinct channel subunits: HCN [1] [2] [3] [4] . Each monomer consists of six transmembrane domains with a positively charged voltage sensor and a cytoplasmic cyclic nucleotide binding domain that allows a faster channel gating without protein phosphorylation (DiFrancesco and Tortora 1991; Ludwig et al. 1998; Santoro et al. 2000) . This molecular architecture has been shown to strongly determine I h kinetics, voltage dependency, and cyclic nucleotide sensitivity (Wainger et al. 2001; Berrera et al. 2006; Kusch et al. 2012) . Therefore, the biophysical properties of the HCN channel are highly dependent on its subunits' compositions.
HCN channels are widely expressed in the central nervous system (CNS), including those areas critical to drug addiction: ventral tegmental area (VTA), nucleus accumbens (NAc), prefrontal cortex (PFC), and hippocampus (HIP) (Santoro et al. 2000; Notomi and Shigemoto 2004) . Despite this fact, the role of HCN channels or I h in cocaine addiction is basically unknown. A recent publication from our laboratory demonstrates that cocaine sensitization inhibits I h amplitude and also reduces cell capacitance in VTA DA cells (Arencibia-Albite et al. 2012) . These findings suggest that cocaine could affect the physiological and molecular functions of I h . Due to the fact that the electrophysiological properties of the HCN channels rely on the composition of their subunits, we wanted to know whether the subunit's expression profile could be altered after chronic cocaine administration. There is a consensus that the HCN 2 subunit is the most abundant within these four principal structures of the MCL system (Monteggia et al. 2000; Notomi and Shigemoto 2004) . Thus, the expression of the HCN 2 subunit in these four areas was analyzed. The current evidence for the presence of HCN channels have come mainly from electrophysiological, immunohistochemical, and mRNA studies (Monteggia et al. 2000; Notomi and Shigemoto 2004) . Using Western blot analysis, we tested the specific hypothesis that the HCN 2 subunit expression in these regions was altered after cocaine administration. Our work reports that after 7 days of repetitive intermittent exposure to cocaine, HCN 2 subunit expression is increased in all four major areas of the MCL. These results represent an important molecular discovery in the understanding of neuroadaptations underlying addiction.
Experimental Procedures

Animal Housing
Thirty-two male Sprague-Dawley rats (6 weeks, 250-300 g) were used as the experimental subjects (Taconic Farms, Germantown, NY) and housed two per cage. Animals were maintained at constant temperature and humidity with water and food provided ad libitum in a 12:12-h light/ dark cycle. The rats were acclimatized in the animal facility for 1 week and randomly selected for the studies. All procedures were in accordance with the US Public Health Service publication "Guide for the Care and Use of Laboratory Animals" and were approved by the Animal Care and Use Committee at the University of Puerto Rico Medical Sciences Campus.
Behavioral Sensitization Protocol
Experiments were performed as previously described (Arencibia-Albite et al. 2012) . Briefly, animals were randomly divided into two groups: saline or cocaine treatment groups. Rats were moved to an isolated acoustic chamber (Whisper Room, Inc., Morristown, TN) and placed in clear plastic cages (42×42×30 cm) with evenly spaced racks containing infrared beams (2 cm from its floor) to detect locomotion activity (Accuscan Instruments, Columbus, OH). Beams are connected to a detector that identifies stereotypic locomotion as the repeated interruption of the same beam, whereas horizontal ambulatory activity was counted as the sequential breaking of two or more different beams. The collected data were stored in a Dell® personal computer using Versamax® software. Two days before the beginning of the experiment, each animal was habituated for 1 h to the infrared photocell box. On experimental day 1, animals were habituated for 15 min before the initiation of the experiment. After that, animals were treated with either 15 mg/kg, i.p., cocaine (Sigma, St. Louis, MO) or isovolumetric saline injections. Immediately after the injections, 1 h of locomotion activity was recorded, once per day for 7 days.
Tissue Extraction
Animals were deeply anesthetized with i.p. injection of chloral hydrate (400 mg/kg) and immediately decapitated 24 h after the last treatment injection. Brains were quickly removed from the skull and placed in ice-cold PBS 1× (0.01 M phosphatebuffered solution, pH 7.4, Sigma-Aldrich, St. Louis, MO). Coronal sections of 200-400 μm at the level of the VTA, PFC, NAc, and HIP were made following Paxinos and Watson's (2009) Rat Brain Atlas as the dissection guide using a Leica® Vibratome VT1000S (Leica, Germany). Brain slices were then mounted onto a glass surface and immediately frozen with dry ice. Micropunches of the selected areas were removed using a 0.8-to 1.5-mm stainless steel hypodermic tube (Fine Science Tools), transferred to ice-cold microtubes, and stored at −20°C.
Western Blotting
Dissected tissues from the control and treated animals were homogenized in ice-cold Tris lysis buffer (20 mM Tris, 150 mM NaCl, 5 mM NaF, 1 mM EDTA, 1 mM EGTA, pH 8) containing 2 μg/mL antipain, 10 μg/mL aprotinin, 5 mM benzamidine, 1 mM dithiothreitol (DTT), 10 μg/mL leupeptin, 1 mM sodium orthovanadate, 1 mM PMSF, and 10 μg/mL trypsin inhibitors. Following centrifugation at 20,000×g for 30 min, the protein concentration of the supernatant fraction was determined using Bio-Rad's DC Protein assay according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA). The extracted proteins were resolved in an 8 % SDS-PAGE (ran for 1.5 h at 200 V, 300 mA and 10 W at room temperature). The proteins were then transferred to a nitrocellulose membrane using Trans-Blot wet transfer system (Bio-Rad Laboratories) with transfer buffer (25 mM Tris, 192 mM glycine, 20 % MeOH, pH 8.3) for 18 h at 35-V constant voltage. To validate the transfer of proteins and expose molecular weight markers, the nitrocellulose membrane was stained with 0.1 % Ponceau S made in 0.1 % glacial acetic acid for 10 min and then rinsed with PBS 1× three times for 10 min each.
The nitrocellulose membrane was incubated in a blocking solution (15 % skim milk, 20 mM Tris-HCl, 150 mM NaCl, 0.01 % Tween-20, pH 7.5) for 2 h at room temperature. The membrane was probed overnight at 4°C using anti-mouse HCN 2 monoclonal antibody (1:500; NeuroMabs Labs/Antibodies Incorporated, UC Davis, CA) in the blocking solution. The next day, the membrane was washed three times for 10 min each with PBS-T (PBS 1× with 0.01 % Tween 20) and then incubated with HRP-conjugated anti-mouse IgG produced in rabbit (1:5,000; Sigma) in blocking solution for 1 h at room temperature. The membrane was washed twice with PBS-T and twice with Tris-NaCl (10 mM Tris, 100 mM NaCl, and 0.1 % Tween-20, pH 7.5) for 10 min each. HRP signal of bands corresponding to 110 kDa (HCN 2 glycosylated protein) and 97 kDa (HCN 2 non-glycosylated protein) were enhanced with Super Signal West Dura extended version (Pierce, Rockford, IL) for 1 min according to the manufacturer's instruction before exposure and development. The levels of HCN 2 protein were normalized to GAPDH (37 kDa) immunoreactivity (1:5,000; SigmaAldrich). The development and densitometry analysis of the membrane was made using the Versadoc™ Imaging System and Quantity One Software® (Bio-Rad Laboratories).
Deglycosylation Assay
Deglycosylation was performed as described by the PNGase manufacturer (New England BioLabs). The protein samples were denatured for 5 min in a glycoprotein denaturing buffer containing 50 mM β-mercaptoethanol, 5 % SDS, and 0.4 M DTT. The mixture was then transferred to a solution composed of 0.5 M sodium phosphate (pH 7.5) and 10 % NP-40. Finally, 5 U of PNGase F (New England BioLabs) was added to remove carbohydrate molecules. The reaction was incubated at 37°C for 12 h and the samples analyzed by SDS-PAGE and Western blot, as described previously.
Statistical Analysis
All statistical analysis was performed using Prism 5® (GraphPad Software Inc., San Diego, CA). Total ambulatory activities were expressed as photocell counts between groups analyzed using one-way ANOVA followed by Newman-Keuls multiple comparison test. Paired sample t test was used after ANOVA to compare the first and the last day of injection in order to establish sensitization (numbers are presented as the mean ± standard error). A significant statistical difference of p<0.05 was considered a successful sensitization protocol (Kalivas and Stewart 1991) . The data were expressed as the mean ± SEM and statistical analyses were performed using one-way ANOVA, followed by Newman-Keuls post hoc test to compare differences among groups. Statistical analysis of protein densitometry between saline and cocaine individual bands was performed using oneway ANOVA followed by Newman-Keuls post hoc test. Differences were considered to be significant when p<0.05. Each sample tested corresponds to one different animal; thus, n0x, where x is the number of animals.
Results
HCN 2 Subunit Expression at the MCL System
HCN 2 protein expression was analyzed in PFC, NAc, HIP, and VTA using Western blot analysis. Samples from these four areas were taken from naive animals using the micropunch technique (Kim et al. 1993 ). Rat's heart lysates were used as positive control tissues because they express the HCN 2 subunit (Xia et al. 2010) . As a negative control, we used rat liver lysates, where no HCN 2 subunit isoforms had been detected (Arroyo et al. 2006) . HCN 2 immunoreactive bands in the expected position were detected in all four areas tested (Fig. 1a) . Also, there are two bands that are immunoreactive with the anti-HCN 2 monoclonal antibody ( Fig.1a) and detected with an anti-HCN 2 polyclonal antibody from Alomone Labs, Israel (data not shown). The lower molecular weight (MW) band corresponds to 97 kDa, while the less abundant higher MW band detected was about 110 kDa. The relative expression of the 97-kDa protein was the following: HIP>PFC>VTA>NAc. However, the expression level of the 110-kDa band was highest in the NAc>V-TA>PFC and lowest in the HIP. To determine whether this MW difference is due to posttranscriptional glycosylation, all samples were treated with N-glycosidase F (PNGase F), an amidase that hydrolyzes N-linked oligosaccharides from glycoproteins (Tarentino et al. 1985) . After incubation with this enzyme, the antibody directed against HCN 2 only detected a single strong immunoreactive band at 97 kDa in all areas of the MCL system evaluated ( Fig. 2a-d) , confirming the glycosylation state of the subunit.
Cocaine Sensitization Triggers HCN 2 Subunit Increase in the MCL System
Cocaine sensitization produces neuroadaptations in the MCL. To determine whether cocaine produces regionspecific changes in the expression of the HCN 2 subunit, first, we subjected animals to a behavioral sensitization protocol. Animals were administered a single injection of cocaine (15 mg/kg, i.p.) for seven consecutive days. Control animals were treated with isovolumetric saline injections. After injection, total ambulatory locomotor responses were recorded for 1 h each day. As expected, cocaine-treated animals showed a significant increase in locomotor activity by day 7 of cocaine treatment compared to day 1 (sample t test: p<0.05; Fig. 3a, b) . It is also observed that salinetreated animals showed a significant decrease in locomotor activity by day 7 of saline treatment compared to day 1. This result was expected due to the decrease in novelty and stress after several days of behavioral assessment (sample t test: p<0.05: Fig. 3b ). To investigate whether cocaine sensitization can affect HCN 2 protein expression, all animals were killed 24 h after the last injection. Forty micrograms of the protein extract was probed against monoclonal anti-HCN 2 in Western blot analysis after evaluating the linear range of protein detection (data not shown). The HCN 2 immunoreactive bands were normalized against the housekeeping protein GADPH (37 kDa), used as a loading control (Calvo et al. 2008) . VTA samples from cocaine-treated animals showed a significant 55 % increase in HCN 2 expression of the higher MW protein (110 kDa) compared to saline control. This increase was not observed in the 97-kDa immunoreactive band (n06, p<0.05; Fig. 4a, b) . HCN 2 expression was also evaluated in the PFC. In contrast to the previous Fig 1 HCN 2 subunit expression in areas of the MCL system from naive rats. Western blots show the expression pattern of the HCN 2 subunit (97 kDa) in all MCL areas, HIP, VTA, NAc, PFC, in naive animals (n03). The 97-kDa band is in the expected position. There is the presence of a higher molecular weight band (110 kDa) in all MCL samples tested. Heart and liver lysates are presented as positive and negative controls, respectively result, PFC densitometry analysis showed a 35 % increase in the 97-kDa HCN 2 subunit isoforms from cocaine-treated rats compared to control, while the HCN 2 110-kDa band expression remained unaltered (n06, p<0.05; Fig. 5a, b) . In the NAc, there was a 36 % increase in the HCN 2 97-kDa protein in cocaine-treated animals compared to the control. Also, the 110-kDa band density remained unchanged by cocaine administration (n06, p<0.05; Fig. 6a, b) . Similar results were found in the HIP. Samples from the HIP of cocaine-treated animals showed a significant increase (22 %) in the expression of the HCN 2 97-kDa band density compared to saline control, but this increase was not observed in the 110-kDa immunoreactive band (n06, p<0.05; Fig. 7a, b) . Therefore, the data indicate that HCN 2 protein expression (97 or 110 kDa) in these four areas of the MCL system is increased after chronic cocaine administration. Mean total locomotor activity of all experimental subjects. a Graph shows a progressive increase in locomotor activity of cocaine-treated rats for 7 days of cocaine administration. The locomotion of cocainetreated rats on day 7 was significantly higher than on day 1 for both saline-and cocaine-injected rats (one-way ANOVA: *p<0.001, F(23) followed by paired-sample t test, n032). The time course of locomotor activity (b) demonstrates the amount of photocell beams interrupted during the 60-min recording period. There is an statistically significant difference in locomotion between day 7 of cocaine-treated rats vs. day 1 and between day 7 cocaine and day 7 of saline-treated rats (one-way ANOVA: *p<0.05, F(28), followed by paired-sample t test, n032). It can be noticed that on day 7, sensitized animals showed more locomotion during the last 15 min of the recording session than during the same period of the first day of injection. Also, control animals showed a significant decreased in locomotor activity by days 6 and 7 of saline treatment compared to day 1 (paired-sample t test:
The HCN 2 glycosylated isoform is increased in the VTA after cocaine sensitization. Rats were treated with cocaine (15 mg/kg) for seven consecutive days and the levels of HCN 2 determined by Western blot. a VTA samples from saline-or cocaine-treated rats were probed against an anti-HCN 2 monoclonal antibody. In all Western blots, anti-GAPDH was used as a loading control. b Quantitative analysis of the band density (normalized to GAPDH and expressed as percent change) demonstrating a 55 % significant increase in the glycosylated HCN 2 subunit (110 kDa) in the VTA of cocaine-treated rats (one-way ANOVA: *p<0.05, compared to saline, F(41), n06). Individual comparisons were made with Newman-Kuels post hoc test; numbers on bars signify numbers of animals; graphs represent the mean ± SEM
Discussion
In the present study, we confirmed the presence of the HCN 2 channel subunit, at the protein level, in four principal structures of the MCL system: VTA, PFC, NAc, and HIP. High relative expression levels of the HCN 2 subunit (97 kDa) were detected in the HIP, followed by the PFC, VTA, and finally NAc, in agreement with a previous mRNA study (Monteggia et al. 2000) . We also found that in all areas of both the control and experimental animals, the HCN 2 subunit protein could be glycosylated. More importantly, our results demonstrated that the HCN 2 subunit expression is increased in all MCL areas after a process of cocaine sensitization. However, the increase in the glycosylated isoform was only observed in the VTA. To our knowledge, this is the first study demonstrating molecular changes in HCN channels in a drug addiction model.
Changes in I h current properties and HCN channel subunit expression have been reported to occur in several pathologies such as epilepsy, neuropathic pain, inflammation, hypertrophic cardiomyopathy, and diabetes (Papp et al. 2010; Takasu et al. 2010; Tu et al. 2010; Emery et al. 2011; Noam et al. 2011; Wei-qing et al. 2011) . Such changes are responsible to mediate the diverse functional roles of I h in different areas of the CNS. Studies about the electrophysiological properties of I h suggest its potential role in the neurological basis underlying addiction disease, especially in areas of the reward system (Okamoto et al. 2006; Fig 5 Non-glycosylated HCN 2 isoforms in the prefrontal cortex are increased after cocaine sensitization. a PFC samples of saline-or cocaine-treated rats were probed against an anti-HCN 2 monoclonal antibody and anti-GAPDH as the loading control. b Densitometry analysis expressed as percent change of the HCN 2 subunit expression shows a 35 % upregulation of the HCN 2 subunit (97 kDa) in the PFC of cocaine-treated rats (one way ANOVA: *p<0.05, compared to saline, F(35), n06). Individual comparisons were made with Newman-Kuels post hoc test; numbers on bars signify numbers of animals; graphs represent the mean ± SEM Migliore et al. 2008; Chu and Zhen 2010) . I h has been proposed as an electrophysiological neuronal marker (Neuhoff et al. 2002; Margolis et al. 2006 ), modulator of pacemaker activity (Mercuri et al. 1995; Seutin et al. 2001; Neuhoff et al. 2002) , and spontaneous firing in DA cells of the MCL system (Okamoto et al. 2006; Beckstead and Phillips 2009 ; but see (Mercuri et al. 1995) .
The VTA is a critical area for the initiation of neural adaptations induced by addictive drugs (Robinson and Berridge 2003; Chen et al. 2009 ). Initial studies in addiction dealing with the I h investigated the effects of ethanol exposure in the VTA. Acute ethanol administration was shown to increase the firing rate of VTA DA neurons (Brodie et al. 1999) , while the I h current was enhanced, partially due to cAMP facilitation of voltage gating (Okamoto et al. 2006) . On the other hand, a decrease in I h amplitude in VTA DA cells was observed after 1 day of repeated ethanol administration in vivo (Okamoto et al. 2006) . Also, a decrease in the I h of VTA DA neurons has been reported after a 7-day withdrawal from repeated ethanol administration (Hopf et al. 2007 ). These findings seem to be in conformity with a recent study from our laboratory demonstrating a ∼40 % decrease in I h amplitude and ∼45 % reduction in the number HCN channels in the VTA after cocaine sensitization (Arencibia-Albite et al. 2012) .
Our present findings demonstrate a 55 % increase in the glycosylated HCN 2 subunit (110 kDa) in the VTA of cocaine-sensitized rats. This outcome results unexpected since an increase in HCN subunits raises the possibility of more channel formation and, consequently, augmented I h amplitude. It is important to consider that our study evaluated HCN 2 expression in the VTA as a whole, while the electrophysiological evidence concentrates only on VTA DA cells. In the VTA area, an increase in HCN 2 subunits can occur in different cell types, especially in DA neurons, due to the fact that VTA DA cells express a high I h current (Margolis et al. 2006) and are the most relevant players in the reward system associated with addiction. It is also possible that the increase in HCN 2 expression is taking place in GABAergic neurons of the VTA since a recent work established the presence of I h in these neurons (Margolis et al. 2012) . Also, previous work proposes that HCN 2 is expressed in other CNS cells such as oligodendrocytes (Notomi and Shigemoto 2004) and astrocytes (Yu et al., Society for Neuroscience 2009 ), but there is no evidence confirming or denying the presence of HCN 2 subunits or I h in VTA glial cells. Therefore, it is important to further establish the cell type that undergoes such HCN 2 increment.
Our previous data (Arencibia-Albite et al. 2012) also established that concurrently with cocaine sensitization, there was a significant reduction in cell size given by a decrease in DA cell capacitance. In the present study, there was an increase in the VTA glycosylated HCN 2 subunit isoform. N-glycosylation of the HCN 2 subunit had been described as a trafficking promoter and is essential for protein surface expression (Much et al. 2003; Hegle et al. 2010) . It is possible that with decreased capacitance, there is less surface area for HCN channels to be expressed in the surface. Although some evidence indicates that HCN 2 surface expression is not dependent on N-glycosylation, it is highly important for the stable formation of heteromeric channels (Much et al. 2003; Zha et al. 2008 ). In addition, N-glycosylation of a single subunit can rescue the surface expression of a non-glycosylated subunit when both are coassembled (Much et al. 2003; Zha et al. 2008 ). This type of formation of heteromeric HCN channels had been found to be altered, for example, after seizure-like events in the hippocampus Zha et al. 2008 ).
Fig 7
Effect of cocaine sensitization on HCN 2 levels in the hippocampus. a HIP samples from saline-or cocaine-treated rats were probed against an anti-HCN 2 monoclonal antibody and anti-GAPDH as the loading control. b Densitometry analysis expressed as percent change in HCN 2 subunit expression in the HIP shows a 22 % increase of the HCN 2 subunit (97 kDa) in the HIP of cocaine-treated rats (one way ANOVA: *p<0.05, compared to saline, F(32), n06). Comparisons with Newman-Kuels post hoc test; numbers on bars signify the numbers of animals; graphs represent the mean ± SEM In addition, there are data demonstrating that N-glycosylation is not required for HCN 2 function (Hegle et al. 2010) . Nevertheless, the increased expression of glycosylated HCN 2 channels in the VTA after cocaine sensitization could be promoting the formation of functional channels with a potential to be inserted into the membrane. Although glycosylation promotes trafficking and surface expression, there might also be a cocaine-induced disruption in the membrane expression of HCN 2 glycosylated subunits.
HCN 2 seems to be the most abundant subunit in the VTA, but not the only one expressed in this area. To date, few investigations describe the expression of the HCN 2 subunit in the VTA. A study suggests that only the HCN 2 subunit is expressed in the VTA (Notomi and Shigemoto 2004) . In contrast, another work demonstrated the presence of all HCN subunits' mRNAs in the VTA (Monteggia et al. 2000) . Similarly to HCN 4 , and in contrast with HCN 1 or HCN 3 , the HCN 2 subunit produces a channel with slower activation kinetics and confers higher affinity to second messenger cascades involving cAMP (Wainger et al. 2001; Ulens and Siegelbaum 2003; Berrera et al. 2006; Surges et al. 2006; Kusch et al. 2012) . When co-expressed, HCN 2 can form functional heteromeric channels with other HCN subunits that exhibit an I h current with combined biophysical characteristics (Ulens and Tytgat 2001; Wainger et al. 2001) . Therefore, it is important to investigate whether glycosylation and HCN 2 increased expression in the VTA can be affecting its interaction with other HCN's subunits. Ultimately, higher HCN 2 subunit expression can produce a heteromeric channel with slower activation kinetics, but better facilitation of voltage gating, changing I h functional roles in the VTA and contributing to the initiation of cocaine sensitization. Also, it is important to consider that the samples evaluated in this study were total protein extractions representing subunits in the plasma and inside the cell attached to organelles and not necessarily expressed in the membrane (Zabel and Klose 2009) . Therefore, additional measurements will be needed to accurately establish the surface expression of these glycosylated channels. Further experiments need to elucidate whether the increased glycosylated HCN 2 subunit expression is a contributor to functional HCN 2 -containing channel formation.
The increased HCN 2 expression was observed in other MCL areas besides the VTA. In the PFC, we found a 35 % increase in the expression of non-glycosylated HCN 2 (97 kDa) protein. The PFC area provides glutamatergic projections to NAc and VTA (Carr and Sesack 2000; Torregrossa et al. 2008) . Stimulation of this area increases DA levels in the NAc (Taber and Fibiger 1995; Karreman and Moghaddam 1996; You et al. 1998) , while it modulates the firing pattern of VTA DA neurons projecting to NAc cells (Gao et al. 2007) . A deficiency in inhibitory inputs that control PFC excitatory transmission to the NAc and VTA can facilitate the sensitization process (Steketee 2005) . Thus, the enhanced HCN subunit expression in the PFC should promote excitability in this area, which will facilitate the progression of cocaine sensitization.
Cocaine administration alters dendritic spine morphology and plasticity (Robinson and Berridge 2003; Shen et al. 2009 ). I h has been identified as a modulator factor in the initiation of dendritic spikes and pyramidal cells' synaptic integration (Day et al. 2005; Barth et al. 2008) . I h inhibition results in an enhanced temporal summation of synaptic inputs in the cortex (Carr et al. 2007 ). In addition, HCN 2 subunits and alpha-2 adrenoreceptors are co-expressed in dendritic spines of PFC cells. After NE activation of alpha-2 adrenoreceptors, the intracellular cascade inhibits cAMP production, diminishing HCN 2 channels' open probability, which results in a better synaptic input integration and network activity during working memory (Wang et al. 2007 ). Likewise, in VTA neurons, alpha-2 adrenoreceptor activation reduces I h amplitude (Inyushin et al. 2010) . Therefore, enhancement of noradrenergic transmission during the development of cocaine sensitization can be activating intracellular cascades that affect I h gating in dendritic spines, which then alter the integration of synaptic inputs. If alpha-2 adrenoreceptors are activated, HCN 2 channel gating will be diminished, leading to a decreased shunting of synaptic inputs that result in better integration. This improved integration can result in more excitation of the PFC. More specific studies should be carried out to test this hypothesis during cocaine sensitization.
The NAc is an important area related to the expression of sensitization. Substantial evidence establishes that disruption of neuronal activity in this area supports drug addiction (Hyman et al. 2006; Volkow et al. 2011) . However, the physiological role of I h in the NAc is basically unknown. Using intracellular recordings, investigators demonstrated the presence of I h in the NAc (Uchimura et al. 1990 ). However, it is not clear which type of NAc cells express HCN channels. Our findings demonstrate the presence of HCN 2 protein in this area, in agreement with mRNA and immunohistochemical analysis demonstrating the expression of HCN subunits (Monteggia et al. 2000; Notomi and Shigemoto 2004) . Moreover, cocaine sensitization increased (36 %) the expression profile of HCN 2 channel subunits. Although to date there are no studies demonstrating a significant physiological role of I h in this area, the HCN 2 -altered expression after cocaine treatment suggest a possible involvement of this subunit in addiction processes.
In the NAc, the medium spiny neurons (MSNs) are the major cell type (Wolf 2010; Kim et al. 2011) . They receive and integrate glutamatergic inputs from cortical and limbic regions influencing goal-directed behaviors (Wolf 2010) . During early withdrawal days (1 to 4) of passive cocaine administration, there is a decrease in MSNs intrinsic excitability that persists for several weeks (Ishikawa et al. 2009; Mu et al. 2010) . Preliminary data identified the presence of I h in the NAc (Kim et al., Society for Neuroscience 2009 ). This study revealed that bath applications of the I h blocker, ZD7288, enhance the excitability of MSNs, increasing input resistance and action potential firing. It has been proposed that in the NAc, MSNs undergo long-term depression (LTD) during cocaine administration (Thomas et al. 2000; Kourrich et al. 2007; Mameli et al. 2009 ). LTD is characterized by an activitydependent decrease in neuronal synaptic efficiency that last for a considerable time, making NAc MSNs less excitable (Kauer and Malenka 2007) . Therefore, it is possible that the augmented expression in HCN 2 found in the NAc can lead to an increase in I h current that will promote a reduction in MSN excitability. This reduction in excitability can be an essential part of the LTD that occurs in the NAc during cocaine sensitization. In addition, an upregulation of the cAMP pathway takes place in the nucleus accumbens after chronic drug exposure ). This neuroadaptation can enhance HCN 2 -mediated effects in the NAc due to the high cAMP sensitivity of the HCN 2 subunit.
The NAc contains two sub-regions, the core and the shell, both with different anatomical connectivity and apparent function (Luscher and Malenka 2011; Fischer-Smith et al. 2012) . Our study used samples from all NAc areas. For that reason, further studies should address HCN channels and I h distinct functional properties in these two sub-regions during cocaine administration.
The hippocampus, as a limbic structure, participates in learning and memory processes during drug addiction (Chauvet et al. 2011) . This area provides glutamatergic projections to other limbic structures, mainly the NAc (Groenewegen et al. 1987) . The HIP plays an important role in contextdependent processes, such as drug sensitization (Perez et al. 2010) . The initiation of the expression of sensitization can be studied by drug-induced locomotion and stereotype enhancement, but is also demonstrated to the incentive-motivational properties of drugs and the cues paired with their administration (Wolf 2010) . Additionally, the context in which drugs are administered is fundamental for the expression of cocaine sensitization (Robinson and Berridge 2008) , and for humans, it seems to be even of higher importance (Leyton 2007) . Studies have shown that separate inactivation of specific anatomical areas within the HIP decreases cocaine and cueinduced reinstatement (Wells et al. 2011; Belujon and Grace 2011) . It has been shown that cocaine administration produces changes in hippocampal synaptic plasticity (Stramiello and Wagner 2010) . Indeed, in the HIP as in other areas of the MCL system, cocaine induces long-term potentiation (LTP). LTP is a persistent increase in synaptic strength known to participate in learning and memory processes (Stramiello and Wagner 2010) . I h activation constrains LTP formation in CA1 pyramidal neurons and perforant path (Nolan et al. 2004; Matt et al. 2011) . It was found that LTP is enhanced in mice lacking the HCN 2 subunit (Matt et al. 2011) . In contrast, presynaptic HCN channels are necessary for LTP induction in hippocampal mossy fibers (Chevaleyre and Castillo 2002) . Due to these conflictive findings, it is premature to assess a possible role of I h current modulation of the hippocampal LTP that occurs during cocaine exposure.
The HIP expresses high levels of the HCN 1 subunit, although HCN 2 is also present (Franz et al. 2000; Notomi and Shigemoto 2004) . The expression of hippocampal heteromeric HCN 1 /HCN 2 complexes is altered after seizurelike events (Zha et al. 2008 ). Our results demonstrate an increase (22 %) in the HCN 2 subunit in this area after cocaine sensitization. This finding raises the possibility of a co-assembly process between HCN 1 and HCN 2 channels, with more HCN 2 subunit expression. This co-assembly progression can greatly regulate the activation kinetics of the I h in the HIP, slowing the kinetics and allowing the opportunity for cAMP regulation (Wainger et al. 2001) . Therefore, strengthening of hippocampal-limbic circuit interactions can facilitate the induction of cocaine sensitization, demonstrating the importance of hippocampal afferents reinforcing drug-seeking behaviors.
Altered expression of HCN channels can either increase or decrease excitability, depending on the animal model, cell type, and areas expressing them (Bean 2009; Dyhrfjeld-Johnsen et al. 2009; Noam et al. 2011) . Our data demonstrated an increase in HCN 2 subunit expression in several structures of the MCL system after cocaine administration. Thus, changes in the expression of HCN subunits could be important neurobiological mediators in the CNS adaptations that occur during drug addiction. Such alterations can be relevant in the development of new strategies for the treatment of addiction disorders.
